It is remarkable that physiologists have paid so little attention in the past to the mechanics of breathing that no adequate data are now on record concerning the pressure-volume characteristics of the chest and lungs in normal men. The literature contains innumerable investigations of the various fractions of the lung volume and the vital capacity and also a number of observations concerning the positive and negative pressures that can be exerted but these two sets of data have not been correlated.
There is little indication of how the vital capacity or other lung volumes vary with pressures nor, conversely, of how the pressures vary with the volume at which they are developed.
Likewise there is little information concerning the relaxation pressures at different lung volumes and the relation between these data and the venous pressure.
In this paper data are presented concerning the positive and negative pressures which can be produced by voluntary effort, and a diagram which gives a comprehensive picture of all these mechanical factors.
Since completing this work we have discovered similar diagrams from papers by Rohrer (1916) and Senner (1921) each based upon measurements on a single individual as well as a partially similar effort by Jacquet (1908) and Bernouilli (1911) .
Three types of measurement were used for the pressure-volume diagram of the lung : (1) maximum expiratory and inspiratory pressures at different lung volumes, (2) relaxation pressures at different lung volumes, (3) vital capacities, tidal air, and inspiratory and expiratory reserves at different lung pressures.
METHODS.
(1) M aximum inspiratory and expiratory pressures. Measurements were made with a recording mercury manometer connected to a one hole rubber stopper cut to fit one nostril. The other nostril was held closed while the subject expired or inspired with maximum force. The nose was used in preference to the mouth in order to avoid all possibility of using the cheeks. It was found to be important to keep the subject from bending over in his effort to exert pressure since this gives him added mechanical pressure against the thoracic cage. The pressure was developed slowly in order to avoid overshoot of the mercury and was maintained at the final level for some three seconds in order to give time for oscillations to cease before the reading was taken.
This measurement was repeated three times each at different lung volumes which were determined by first exhaling to the maximum possible, then inserting in the mouth a tube to a spirometer and inhaling any desired percentage (Vo) of the vital capacity.
Finally without changing the volume of air in the lungs the mouth was closed and the tube was inserted in the nostril for the recording of pressure.
The lung volume read from the spirometer was corrected for the decrease resulting from the development of pressure assuming a residual air of 28 per cent of the vital capacity.
Correction was made according to the formula vc (B =, -47) Vo -pR B -47+p (Equation 1) where Vo and Vc are the uncorrected and corrected expirable volumes respectively in per cent of vital capacity, R is the residual air, and p the extra pressure developed (either positive or negative) by active effort.
(2) Relaxation pressures. This measurement was carried out exactly like that described for the maximum and minimum pressures except that after the desired lung volume was obtained the netted with a water manometer the relaxati on pressures were so low the corrections for pressure change omitted as insignificant.
Some subjects are unable to keep the glottis subject relaxed completely with one nostril conthe position of which was read directly. Because were open during the measurement of the relaxation pressures and a few others are unable to relax completely especially when negative relaxation pressures are being measThis may be due to air hunger or to involuntary spasms of the diaphragm. All such subjects were eliminated from our series.
(3) Vital capacity and lung volumes at di$erent lung pressures. In this series of experiments the subject was placed either supine or sitting in a body box with t,he head projecting through an air tight sponge rubber collar fitted around the neck.
For the supine position we used a Drinker respirator set for the maintenance of constant positive or negative pressures.
For the sitting position a special "body-box" was built.
The subject entered through a door on the front, pushed his head through the rubber collar and seated himself on a stool underneath.
The nose was occluded and the subject breathed through a mouth piece in a closed circuit which included a recording spirometer, a COa absorber, and suitable check valves to keep the air circulating.
The pressure in the body box was maintained at any desired level from -30 to +40 cm. of water by an electrically operated valve.
At intervals the subject was asked to give a maximum exhalation followed by a maximum inhalation.
From the graphic record measurements were made of the vital capacity, the expiratory reserve (supplemental air or the amount which could be exhaled after the end of a normal expiration) and inspiratory reserve (complemental air or the amount which could be inhaled after the end of a normal inspiration).
In these measurements
there is of course a continual change of the base line on the recording drum due to the consumption of oxygen.
If it could be assumed that the oxygen consumption remains constant at different pressures it should be possible to measure from the record the immediate change in volume which results from a given change of pressure.
In practice it was found that the errors involved in this assumption were too large so that we decided to measure only relative volumes.
The estimate of the absolute volume change in the residual air at different pressures must depend therefore upon measurements of maximum pressures voluntarily developed at different volumes as described under (1).
Since all measurements of lung volumes were expressed as percentages of the vital capacity and were corrected for pressures above or below ambient pressures the results represent relative, actual anatomical volumes. Observations were grouped according to lung volumes and the actual volumes within each group were averaged to give the recorded values. The groups chosen were as follows: O%, l-20%, 21-4Oa/,, 41-60%, Sl-SO%, Sl-99% and 100%. All volumes are expressed in percent of the vital capacity at ambient pressure.
All measurements were made in the seated position.
RESULTS.
(1) 32 aximum expiratory and inspiratory pressures. All the figures obtained on 11 or 12 subject,s were arbitrarily divided into class groups according to the lung volumes. The figures in table 1 represent the average pressures and volumes of all the observations within each of these groups. Individual figures are not given because it is felt that the variations in any one subject from one time to another are as great as the variations between individuals so that individual differences would not be significant unless many more measurements were made.
These average figures are plotted in figure 1 as curves Pe (expiratory pressures) and Pi (inspiratory pressures). It is evident from these curves that the expiratory pressures are larger when the chest is inflated and inspiratory pressures are larger when it is deflated. This depends upon many mechanical factors but is Pr intersects the zero pressure line at the relaxation volume, Vr. At volumes > Vr, Pr assists the expiratory and opposes the inspiratory muscles, while at lower volumes the reverse is true. Even after making this correction for passive forces it is still true that the muscles exert more pressure when they are more stretched although this relationship is obscured in extreme inspiration and expiration by the mechanical limitations of the chest.
The pressure volume diagram of the lungs is useful in representing any of the mechanical events of breathing.
The right side of the diagram represents the field of positive pressure breathing as it is used in the clinical treatment of pulmonary edema, in thoracic surgery, and in aviation.
The negative side of the diagram is less commonly experienced in daily life. Small relative negative pressures can be attained by merely standing in water up to the neck. Higher negative pressures are attained by submerging with a tube in the mouth connected to the surface.
The experience reported by Stigler (1911) in attempting an experiment of this sort indicates that it is likely to lead to dilatation of the heart.
One of us (W. 0. F.), however, tried the same experiment years ago for a short period at a depth which was close to the limit of the breathing capacity and experienced no ill affects. The safe range of the pressure volume diagram may be taken arbitrarily as that between 30 mm. Hg positive and 20 mm. Hg negative, although higher pressures in both directions can be endured safely for short periods. Katz (1909) and Kronecker (1909) found in rabbits that air passed into the abdominal cavity from the lungs at pressures of 30 and 40 mm. Hg. Other references are given by Haldane (p. 360, 1935) . Polack and Adams (1932) observed air coming out the carotid cannula when the pulmonary pressure reached 60 mm. Hg. With excessive positive pressures there is therefore danger of pneumothorax and interstitial emphysema.
When an attempt is made to measure maximum inspiratory and expiratory pressures at altitude by the method described above very different results are obtained. For example, when the lungs are completely inflated at 40,000 feet and pressure is then exerted against a manometer the increased pressure is nearly as large as the ambient pressure so that the gases in the lungs are compressed to nearly half the vital capacity. At this lower volume the force which can be exerted is much less than when the chest is fully inflated. No systematic attempt has been made to make measurements of this sort at altitude but the figure  1 but the dotted lines represent the course which the oxygen or air would take as the subject developed pressure, starting at maximum expiration or maximum inspiration.
The relaxation pressures for a given initial volume would likewise be different at altitude and the values obtained by relaxing at maximum inspiration and maximum expiration are given for each altitude by the intersection of the dotted lines with the relaxation pressure curve.
At 50,000 feet the whole diagram would be very much curtailed although of course the actual mechanics of the chest are not changed at all. If additional oxygen could be added to or subtracted from the lungs as the pressure was being deveolped in order to prevent any change in the volume of the lung, the diagram would Average vital capacity at atmospheric pressure seated = 4188 cc. Exp. Res. = the volume which can be exhaled at the end of a normal expiration and Insp. Res. = the volume which can be inhaled after the end of a normal inspiration.
presumably be identical with that obtained at sea level. The corollary of this statement is that the sea level pressure-volume diagram is applicable to pressure breathing where the pressure is obtained passively rather than by voluntary effort.
(2) Lung volumes. The results of the measurements of the lung volumes at different pressures are summarized in table 3 where average values and standard deviations are given. The results are also plotted in figure 3. In this graph the point of maximum expiration is considered arbitrarily as zero volume at all pressures. The changes in the residual air are not therefore portrayed in the figure. It is evident that there is little change in the vital capacity in either position except for a slight decrease at the extreme negative pressures. With positive pressures up to 40 cm. Hz0 it may be said that the greater expansion of the chest on inspiration is balanced by the diminished deflation on expiration so that the vital capacity remains substantially unaltered. At still higher positive A similar effect of posture is seen in the relaxation pressure curves to be described below (see fig. 6 ).
The data of figure 3 short distance into the positive pressure range. The actual position of the breathing range or tidal air band can be seen in relation to the relaxation pressure curve. The relaxation pressure curve is found to cut the zero pressure line at the same volume as the lower edge of the tidal air band. This is to be expected if the two sets of data are derived from the same or comparable subjects.
As the pressure increases the tidal air band is found to fall below the relaxation pressure curve and as the pressures become more negative the tidal air is found to fall above the relaxation pressure curve. This means that the respiratory reflexes do not permit the subject to relax completely on inspiration when breathing against positive pressures nor to relax completely on expiration when breathing against negative pressures. This tendency of the body to resist the pressures or to fight against them considerably increases the work of breathing. 
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It is also evident from figure 4 that positive pressure causes an increase in the volume of the residual air even though the vital capacity remains substantially unchanged.
This has not been verified directly but the change is large enough so that further verification is hardly necessary.
Many of the features of figure 4 have been confirmed in reports from the Mayo Aero-medical Laboratory under Doctor Boothby and from the Aviation Research Laboratory at Columbia University under Doctor Barach. In 22 subjects during these experiments with the body-box, measurements were made of the frequency and depth of'breathing at normal pressure and at a positive pulmonary pressure of 30 cm. of water.
The average values so obtained are given in table 4 together with the rates of oxygen consumption obtained from the graphical record of the movements of the kymograph.
It is evident that during the first 5 minutes of positive pressure breathing there is some hyper- ventilation without much change in frequency and only a small change in the rate of oxygen consumption which may or may not be significant. A small increase in metabolic rate would be expected because of the increased work of breathing.
Of the 22 men examined seven showed increases in minute volume amounting to more than 50 per cent One of these subjects claimed to feel no discomfort and seemed otherwise normal; three felt considerable discomfort and were near the limit of endurance; three others collapsed after 5 minutes' exposure or less. All other subjects (15 men) were in good condition throughout and felt that they could have continued positive pressure breathing more or less indefinitely, though nearly all stated that they found it more fatiguing thannormal breathing.
The hyperventilation shown here for pressure breathing is only an initial effect. The average subject soon adjusts himself to the new condition and his alveolar carbon dioxide tension returns to normal. The detailed evidence for this statement need not be presented here but it depends upon the fact that the average alveolar carbon dioxide tension is not changed by pressure breathing.
(3) The relaxation pressure, Pr, can readily be analyzed into two fractions, the lung elasticity PI and the chest elasticity PC where the latter includes all the elastic or gravitational factors other than those of the lungs themselves.
Then: Pr = PI + PC (Equation 3)
The approximate relation between these quantities at different lung volumes is shown in figure 5 . The evidence for this figure is indirect and requires some explanation.
The lung pressures, PI, will always be positive so long as the lung is not collapsed and to judge from animal experiments (Cloetta, 1913) it increases linearly over normal tidal ranges.
It is assumed to be zero after all but the minimal air is expelled.
The malgnitude of the PZ may be estimated from the intrapleural pressure but care must be taken to avoid a dynamic measure which includes the head of nressure necessary to cause the air to move from the nose to (Christie, 1934; Hurtado, Kaltreider, Fray, Brooks and McCann, 1934) . If in these patients the PC is normal while PI is zero then in normal persons also the chest pressure, PC, is zero at 72 per cent of the vital capacity. In figure 5 the chest pressure curve is drawn through this point and the lung pressure curve must then intersect the relaxation pressure curve at 72 per cent of the vital capacity.
The position of this point is largely a matter of guesswork although some experimental evidence can be obtained from measurements of the venous pressure at different pulmonary pressures which will be presented elsewhere.
This concept is qualitatively supported by the observation of Gerhardt (1908) that in dogs the intrapleural injection of fluids caused an expansion of the chest and a progressive fall in the intrapleural pressure until 1 liter had been injected.
At this point the chest was in its neutral position and the lung was nearly collapsed. In a dog one liter must represent a large fraction of the vital capacity indicating that 72 per cent for man is perhaps an underestimate.
(4) The e$ect of posture was first determined in acute experiments in which the subject was suddenly tilted from a nearly erect position into the supine position while his relaxation pressure at a given lung volume wa,s recording on a manometer connecting to one nostril. Measurements of this sort have been made on 13 subjects at three different lung volumes: maximum inspiration, normal expiration, and maximum expiration.
Upon tilting to the supine position the relaxation pressures for these three positions increased on the average 6.0 nnn., 7.5 mm. and 8.2 mm. Hg respectively. The figures are given in table 5. The indications from the use of this method are that the change from the standing to the supine position merely moves the curve over to the right. A similar change was reported by Rohrer on a single subject (1916 This change in the relaxation pressure curve is attributed to the weight of the viscera which press against the diaphragm in the supine but not in the standing position, thus increasing the pressure in the lungs.
If the abdominal contents are thought of as behaving like so much fluid then the observed effect can be quantitatively predicted with reasonable accuracy. For the purpose of this calculation the abdomen can be regarded as a cylinder with an elastic membrane, the diaphragm, tied over one end. In the vertical position the pressure against this membrane is zero or negative but in the supine position the contained fluid presses against the rubber membrane, the pressure being greatest at the bottom and least at the top. If the diameter is 20 cm., which is the average figure given by Hitzenberger (1929) for the diameter of the abdomen, then the average pressure against the membrane is 10 cm. of water or 7.4 mm. Hg. This is obviously close to the value found experimentally.
This pressure could, of course, be absorbed by an increased tonus of the diaphragm without change in its position. If, however, the escape of air from the lung were prevented and the chest were kept fixed in position, then this increased abdominal pressure might force the diaphragm upward, thus raising the pulmonary pressure to equal the increased abdominal pressure.
The volume of the lungs and diameter of the diaphragm is such that a movement upward of only about 1 mm. would be required.
It is reasonable, therefore, that the increased relaxation pressure should be about equal to the theoretical increase in abdominal pressure.
If the chest expanded much with the increased pressure, the required movement of the diaphragm would be greater than 1 mm., but probably not enough greater to change its tension so as to vitiate this comparison.
At the end of a normal expiration in the sitting position the lungs come to rest at point Vr where the relaxation pressure curve crosses the Y axis in figure 5 . If the subject is tilted to the supine position with the nostrils connected to a manometer so that the lung volume remains constant the pressure increases as already explained.
If on the other hand the lungs are connected to a spirometer so that the pressure remains constant at the ambinent value then the spirometer rises and the lung volume decreases as illustrated in figure 6. This experiment with the spirometer has been done on 29 subjects.
The average displacement was 637 =t 240 cc. which represents 13.3 per cent of the average vital capacity of 4800 cc. A similar volume change due to posture in 8 subjects is illustrated in table 6 for the positions of maximum inspiration and maximum expiration. When a subject in the standing position expires maximally into a spirometer and is then tilted into the supine position (while his expiratory efforts continue) an additional 144 cc. on the average is forced out into the recording spirometer (column A). Conversely when a subject in the supine position inhales to the limit and is then rapidly tilted into the standing position (while his inspiratory efforts continue) he finds it possible to inhale an additional 225 cc. on the average (column B). All of these observations show that in the supine position the relaxation pressure curve in figure 5 is moved downward and to the right. In another series of experiments, an effort was made to confirm this effect of Each figure presents the average of three measurements. Column A represents the additional volume expired in the supine position after tilting from the standing position at the end of a complete expiration.
It is the volume decrease of the standing residual air. Column B represents the additional volume inspired in the standing position after tilting from the supine position at the end of a complete inspiration.
posture by a different method. In these experiments, each of 10 subjects recorded his relaxation pressure in the sitting position in the usual way. Later, in the supine position, usually on the same day, the determinations were repeated.
The same posture was therefore maintained throughout the determinations of each curve and no attempt was made to tilt the subject rapidly "from a point on one curve to the corresponding point on the other".
The results of these experiments are presented in tables 7 and 8, and the averages for each of the two positions are plotted in figure 6 . All of the results in the graph are expressed in per cent of the vital capacity for the sitting position.
In 8 out of the 10 individuals, the vital capacity was larger in the sitting than in the supine position, but the average figures were so nearly equal (4690 cc. sitting and 4610, supine) that it makes little difference which value is used. In these experiments the fixed point arbitrarily selected for the measurement of the lung Values at the particular pressures indicated were obtained by graphical interpolation.
volume in each position is the point of maximum expiration in that position. Since according to data of table 6 the residual air is less in the supine than inthe erect (standing) position by 3.1 per cent of the vital capacity, the supine (dotted) curve in figure 6 has been corrected by subtracting 3 per cent from all of the values. This does not appreciably change the relative positions of the two curves.
As in the comparison with the standing position the assumption of the supine position from the sitting position moves the relaxation pressure curve downward and to the right. In this case the change in volume is particularly great at the lower volumes. Attention is called to the close resemblance between these curves and the curves for the sitting and supine positions in figure 3 where the expiratory reserve varies in a similar manner. The curves of figure 6 suggest that there would be little change in relaxation pressure on going from the sitting to the supine position at maximum inspiration whereas an increase of 6 mm. Hg was found in table 5 for the change from the standing to the supine position. This has not been verified experimentally.
On the other hand the curves of figure 6 confirm the figures quoted above which show a greater volume change at Vr than at either maximum inspiration or maximum expiration on changing from the standing to the supine position (i.e., 637 cc. compared to 144 and 225 cc).
Note that the vertical difference between the solid and dotted (corrected) curves in figure 6 at zero pressure is very nearly equal to 637 cc.
(5) Work of breathing. The slope of the relaxation pressure curve at small positive pressures just above the relaxation volume is a value of some interest from Dean and Visscher (1941) .
This elastic work is represented by the small triangular area GHVr in figure 4. The error in determining these slopes between two successive points on the curve is fairly large and the value obtained from the data on relaxation pressures given in table 1 is 180 cc. per mm. Hg. Nevertheless these data as a whole give curves very similar to those plotted from tables 7 and 8. The latter data are probably more reliable because they give lung volumes graphically determined at given pressures while in table 1 average pressures were given at average volumes within an arbitrarily selected range. The elastic work of pressure breathing can also be calculated from the graphs of figure 4. Thus at the maximum positive pressure for which data are available (30 mm. Hg), the tidal air is represented by the line AB and the work of expira tion is given by the area ABDE.
However, the relaxation pressure curve indicates that a part of this work could be done by elastic potential energy stored in the thoracic wall and lungs, this fraction being represented by the area FCDE.
The net work done by active contraction of the expiratory muscles is therefore the difference between these two areas or ABCF.
The values of these areas for different pressures have been calculated from another graph similar to that in figure 4 but differing in details, and the results are plotted in figure 7. Two curves are shown, one for inspiration and one for expiration. At zero pressure all the elastic work is inspiratory.
At more negative pressures the inspiratory work increases because the chest is not allowed to relax completely on expiration.
At positive pressures the inspiratory work falls off to zero at 7.5 mm. Hg. (In fig. 4 this occurs at 10 mm. Hg where the inspiratory side of the tidal air band crosses the relaxation pressure curve.) As the pressure becomes positive however expiration becomes more and more active and the work of expiration increases, as already explained. It is an interesting point that at a pressure of about 3.5 mm. Hg half the work is inspiratory and half is expiratory and the sum of the two is less than the inspiratory work at zero pressure. The work of breathing is therefore slightly but inconsequentially diminished by increasing the pulmonary pressure a few millimeters of Hg.
To obtain an artificial lung which will have the same elastic characteristics it is only necessary to use a rigid container having a capacity of 760 x 94 = 71 liters.
We have found an ordinary kitchen hot water tank very satisfactory for the purpose. SUMMARY 1. Average data from 10 or more individuals are presented for the construction of a pressure-volume diagram of the lung and thorax. The data consist of measurements of maximum expiratory and inspiratory pressures at different lung volumes and relaxation pressures.
2. Calculations are made to show the changes in this diagram which would result from an increase in altitude.
3. Measurements are made of the vital capacity, expiratory reserve, tidal air and inspiratory reserve in 14 individuals at 8 different pulmonary pressures ranging from 30 cm. of water negative to 40 cm. of water positive.
It is shown that with positive pressures the expiratory reserve (and residual air) increase, the inspiratory reserve decreases, while the tidal air and vital capacity remain approximately unaltered.
4. During pressure breathing the chest does not relax completely to the position indicated by the relaxation pressure curve so that the work of breathing is considerably increased. 5. When positive pressure breathing begins there is usually a temporary hyperventilation which disappears after 5 or 10 minutes or less. The rate of oxygen consumption is not appreciably increased.
6. The relaxation pressure curve is resolved into two components, the lung elasticity proper and the other factors (chest and diaphragm).
Data are presented to indicate how these components vary with lung volume.
7. When the subject is tilted from the standing to the supine position air is expelled from the lungs amounting to 637 rt 240 cc. (if respiratory muscles are relaxed) or, if this is prevented, the pressure in the lungs rises 6 to 8 mm. Hg due to the weight of the viscera against the diaphragm. There are other factors also which modify the shape of the relaxation pressure curve in the supine as compared to the sitting position.
8. The slope of the relaxation pressure curve is such that an increase of 1 mm. Hg in the pulmonary pressure increases the lung volume by 94 rt: 35 cc. The elastic work of breathing calculated from this slope is 1800 gm. cm. for a tidal volume of 500 cc.
9. In pressure breathing it is shown that a slight increase of pulmonary pressure of 3 to 5 mm. Hg results in a decrease in the work of breathing half of it being inspiratory work and half being expiratory work.
With larger positive pressures or increasing negative pressures, the work of breathing increases as much as ten-fold.
